New and noteworthy
onset seizures evolve into a phase of sustained oscillatory activity (also defined as "tonic") and 94 then into bursting, rhythmic ("clonic") discharges; in both cases, termination of seizure discharge 95 is followed by a period of spontaneous electrical activity suppression that is termed "post-ictal 96 depression". 97
The clinical evidence for two distinct seizure onset patterns has been confirmed in 98 animal models of MTLE and of epileptiform synchronization in both in vivo (Fig. 1B) (Bragin et 99 al., 2005; Lévesque et al., 2012; Grasse et al., 2013; Salami et al., 2015; Toyoda et al., 2015 ) 100 and in vitro preparations ( Fig. 1C ) (Avoli et al., 1996; Lopantsev and avoli, 1998a and b; 101 Derchansky et al., 2008; Zhang et al., 2012; Boido et al., 2014; Köhling et al., 2016 ; see for 102 review Avoli and de Curtis, 2011). Moreover, these fundamental studies have provided evidence 103
suggesting that specific neuronal networks may contribute to LVF and HYP seizure onset 104 patterns. In this review, we will briefly analyze evidence obtained in patients suffering from 105 MTLE; these clinical studies suggest that LVF and HYP seizure onset patterns may reflect 106 different epileptic conditions along with different degrees of brain damage, at least in MTLE. 107
Then, we will consider experimental data obtained in vivo from the pilocarpine model of MTLE 108 as well as in normal, control rodents following acute, diverse convulsive pharmacological 109 manipulations. Next, we will summarize in vitro experiments indicating the predominant 110 involvement of GABA A receptor signaling in initiating LVF seizure-like discharges and the 111 dynamic changes in inhibition that accompany the onset of HYP seizure-like activity. Finally, we 112 will analyze recent optogenetic in vitro findings; these results strongly suggest that the initiation 113 of LVF and HYP onset seizures depends on the preponderant involvement of (GABAergic) 114 interneuron and of principal (glutamatergic) cell networks, respectively, which in both cases rest 115 on an operational GABA A receptor signaling. 116
Long-term, intracranial depth recordings obtained during pre-surgical stereo-EEG monitoring 119 have revealed that LVF seizure onset represents the most common pattern of ictal discharge 120 initiation. Indeed, it occurs across several neocortical focal epilepsies and is not restricted to 121 MTLE (Gotman et al., 1995; Gnatkovsky et al., 2011; Perucca et al., 2014; Wu et al., 2014; 122 Singh et al., 2015) . In addition, MTLE patients presenting with LVF onset seizures show diffuse 123 neuronal loss that can comprise the CA2/CA4 regions (Velasco et al., 2000; Ogren et al., 2009) . 124
This pattern is also more frequent in patients showing amygdala atrophy in addition to 125 hippocampal atrophy as well as in patients with normal mesial temporal structures (Spanedda et 126 al., 1997) . 127
In contrast, the HYP onset pattern is most often, if not solely, observed in MTLE with 128 hippocampal sclerosis and it has never been reported in neocortical focal epilepsies (Spencer et 129 al., 1992; Velasco et al., 2000; Ogren et al., 2009; Perucca et al., 2014) . Magnetic resonance 130 imaging studies and histopathological evaluation of post-surgical specimens have also 131 demonstrated that MTLE patients presenting with HYP onset seizures present with cell loss in 132 all hippocampal areas with the exception of the CA2 subfield and the presubiculum (Spencer et 133 al., 1992; Velasco et al., 2000) . In addition, Ogren et al. (2009) structures. These researchers also found that HYP onset seizures initiate most often from the 148 hippocampus ipsilateral to the original kainic acid injection and that they are rarely accompanied 149 by behavioral symptoms; therefore, these data suggest that these seizures remained focal. On 150 the contrary, LVF onset seizures occurring in these experiments originated from the 151 hippocampus and from the entorhinal cortex, and they frequently propagated to other limbic and 152 extralimbic areas (Bragin et al., 2005) . entorhinal cortex or even outside the hippocampal formation (Fig. 1B ). An additional crucial 157 difference between LVF and HYP seizures in the pilocarpine model rests on their association 158 with specific types of pathological high frequency oscillations (HFOs) at 80-500 Hz, which have 159 been arbitrarily categorized into ripples and fast ripples (250-500 Hz) ( Fig. 2A)  160 according to the original proposal made by Bragin et al. (1999) . HFOs -which can only be 161 extracted by amplifying the appropriately filtered EEG signal -have been recorded from patients 162 presenting with MTLE and in animal models mimicking this neurological condition, and they 163 have been proposed to represent better biomarkers than interictal spikes for identifying seizure 164 onset zones in focal epileptic disorders (Jacobs et al., 2008 (Jacobs et al., , 2010 see also Jacobs et al. 2012; 165 Staba, 2012) .
Excitatory and inhibitory synaptic interactions along with intrinsic membrane 167 oscillations, gap junctions and ephaptic coupling have been considered to underlie physiological 168 (Buzsáki and Chrobak, 1995; Ylinen et al., 1995; Buzsáki, 2015) as well as pathological 169 (Jefferys et al., 2012a (Jefferys et al., , 2012b HFOs, and the contribution of these mechanisms to the 170 generation of HFOs is under active examination. In addition, it has been reported that HFOs 171 with similar frequency ranges can differ considerably in their physiological mechanisms (Jefferys 172 et al., 2012a (Jefferys 172 et al., , 2012b . However, a convenient -though reductionist and, perhaps, simplistic -173 view is that pathologic HFOs in the ripple band mainly represent population IPSPs generated by 174 principal neurons that are entrained by synchronously active interneuron networks; in contrast, 175
HFOs in the fast ripple band could be supported by the synchronous firing of abnormally active 176 principal cells (Foffani et al., 2007) , and could be independent of inhibitory neurotransmission 177 control rats -which were chronically implanted with depth electrodes -through the systemic 202 injection of the K + channel blocker 4-aminopyridine, which is known to enhance both 203 glutamatergic and GABAergic transmission (Buckle and Haas, 1982; Rutecki et al., 1987; 204 Perreault and Avoli, 1991) , or the GABA A receptor antagonist picrotoxin (De Groat et al., 1972) . 205 These experiments have shown that 4-aminopyridine causes seizures with LVF onset in the 206 majority of cases, while seizures induced by picrotoxin are consistently characterized by HYP 207 onset. In addition, HFO analysis revealed that 4-aminopyridine-induced LVF seizures are 208 associated with higher ripple rates compared to fast ripples, whereas picrotoxin-induced 209 seizures contained significantly higher rates of fast ripples compared to ripples (Salami et al., 210 2015) . 211
212

Seizure onset patterns in in vitro models of epileptiform synchronization
Electrograhic activity closely resembling the ictal discharges recorded in epileptic patients and in 214 in vivo animal models can also be reproduced in several in vitro preparations such as the brain 215 slice (Fig. 1C) , the isolated hippocampus, and the guinea pig whole brain (see for review: Avoli 216 and Jefferys, 2016; de Curtis et al., 2015; de Curtis and Avoli, 2016) . In these studies, both LVF 217 and HYP onset seizure-like discharges can be recorded from several limbic and extralimbic 218 areas, and to review in detail these data is beyond the goal of this paper. However, a few 219 remarks should be made. First, long-lasting periods of epileptiform synchronization, resembling 220 ictal discharges, are rarely observed during pharmacological manipulations that fully antagonize 221 have been extensively studied in our laboratories, employing both rodent brain slices and the 232 guinea pig whole brain preparation. When intracellularly recorded from principal (glutamatergic) 233 cells of the entorhinal cortex in a brain slice preparation, the LVF onset coincides with a 234 depolarization that is associated with few if any action potentials and becomes hyperpolarizing 235 when the neuron membrane potential is brought to values less negative than -60 mV with 236 steady injection of depolarizing current (Lopantsev and Avoli, 1998a) (Fig. 3A) . Therefore, theLVF onset of 4-aminopyridine-induced ictal discharges appears to be associated with a robust 238 synchronous inhibitory event; this view is supported by studies in which powerful interneuron 239 discharges could be recorded at the onset of these ictal discharges (Ziburkus et al., 2006; de 240 Curtis et al., 2015; Uva et al., 2015; Lévesque et al., 2016) as well as by the ability of GABA A 241 receptor antagonists to abolish this event along with ictal discharge occurrence (Avoli et al., 242 1996; Lopantsev and Avoli, 1998a) . It should be noticed that short-lasting depolarizations with 243 similar pharmacological and electrophysiological (e.g., few action potentials and reversal 244 potentials) characteristics are associated with the interictal-like discharges (Fig. 3A, arrow) that 245 occur in vitro in the hippocampus and entorhinal cortex during 4-aminopyridine treatement (Avoli 246 et al., 1996; Lopantsev and Avoli, 1998; Uva et al., 2009) . occurrence of ectopic action potentials (Gnatkovsky et al., 2008; Trombin et al., 2011) . 278
As already mentioned, HYP onset ictal discharges have been analyzed in cortical 279 tissue bathed with medium containing low Mg 2+ (Derchansky et al., 2008; Zhang et al., 2012) , 280 an experimental manipulation that is known to weaken GABA A receptor signaling over time 281 (Whittington et al., 1995) . Interestingly, maintained GABA A receptor-mediated activity was 282 initially reported by Derchansky et al. (2008) during the transition to HYP seizure activity in the 283 isolated immature mouse hippocampus; however, further experiments carried out in the same 284 laboratory have shown that HYP seizure onset is characterized by "exhaustion of presynapticrelease of GABA, and unopposed increase in glutamatergic excitation" (Zhang et al., 2012) . 286
More recently, we have reported that ictal discharges with HYP onset features can also occur in 287 the perirhinal cortex in brain slices superfused with 4-aminopyridine medium (Fig. 3E) (Biagini et 288 al., 2013; Köhling et al., 2015) . 289
By employing intracellular recordings from principal cells of the perirhinal cortex we 290 have found that the recurrent field spikes typical of a HYP onset are characterized by 291 intracellular depolarizations associated with action potential bursting as well as that the post-292 burst hyperpolarizations (presumably caused by activation of post-synaptic GABA A receptors) 293 gradually decrease in amplitude (Fig. 3E, arrowheads) , a phenomenon that is characterized by 294 a gradual positive shift in their reversal potential (Köhling et al., 2015) . In addition, these 295 changes were accompanied by a progressive increase in the associated transient elevations in 296 (Fig. 3F, arrowheads The pivotal role played by interneurons in the initiation of ictal discharges characterized by an 305 LVF onset has recently been confirmed with optogenetic techniques in the entorhinal cortex 306 during 4-aminopyridine treatment (Shiri et al., 2015a; Yekhlef et al., 2015) . It was shown in 307 these studies that optogenetic stimulation of parvalbumin-or somatostatin-positive interneuronscan initiate ictal LVF onset events similar to those occurring spontaneously (Fig 4A) . In addition, 309 as illustrated in the expanded traces of Fig. 4Aa (arrows) , the onset of an ictal discharge 310 induced by optogenetic stimulation of parvalbumin-positive cells presented with the typical 311 pattern consisting of one or two interictal-like transients leading to fast, beta-gamma activity 312 marking the beginning of the tonic phase. Interestingly, Shiri et al. (2015a) found that during 313 both spontaneous and stimulated LVF discharges, ripples rates predominated at ictal onset (Fig.  314   4Ab) . 315
Figure 4 approx. here 316
However, as shown in Fig. 4B , LVF ictal events that occurred spontaneously during 4-317 aminopyridine application virtually switched to HYP onset events when the calcium/calmodulin-318 dependent protein kinase II-positive principal cells were optogenetically stimulated in the 319 entorhinal cortex (Shiri et al., 2016) . Specifically, the onset of ictal discharges triggered by 320 principal cell activation was characterized by repeated field spikes, thus closely resembling a 321 HYP onset pattern. In addition, these optogenetically induced HYP onset ictal events were 322 found to be associated with higher fast ripple rates at onset (Fig. 4Bb) . Therefore, these 323 optogenetic experiments demonstrate that under identical conditions (i.e., during application of 324 4-aminopyridine), activation of each specific cell population can generate ictal discharges with a 325 different onset pattern: LVF onset events, similar to those occurring spontaneoulsly, depended 326 on the optogenetic activation of interneuronal networks while HYP onset discharges rest on the 327 optogenetic activation of glutamatergic principal cells. 328
329
Concluding remarks 330
The studies reviewed here underscore the concept that the "excessive" activity of interneurons 331 (and the resulting activation of postsynaptic GABA A receptors) can be sufficient to disrupt theexcitation/inhibition balance within forebrain neuronal networks thus leading to ictal activity 333 (Avoli and de Curtis 2011; de Curtis and Avoli, 2016). This conclusion is in line with in vivo data 334 obtained from epileptic patients (Truccolo et al., 2011; Schevon et al., 2012) and animal models 335 (Grasse et al., 2013; Toyoda et al., 2015) , in which seizure onset was shown to be associated 336 with sustained firing of interneurons or with depressed or consistent firing activity of principal 337
cells. 338
We also propose that different types of neuronal networks (i.e., interneurons and 339 principal, glutamatergic cells) and thus different neurotransmitter receptor signaling, 340 predominate in MTLE at the onset of LVF and HYP ictal discharges. As summarized in the 341 diagrams shown in cortex of a rat brain slice during bath application of 4-aminopyridine; note that ictal discharge 613 onset is characterized by preictal spiking acceleration as well as that both interictal (arrow) and 614 "preictal" discharges consist of depolarizations with action potential bursts followed by a 615 hyperpolarizing potential that progressively decreases in amplitude (arrow heads) and coincides 616 with more intense action potential bursting. spontaneous and stimulated events, the ictal discharge is preceded by one or two negative involved in LVF seizure onset was provided in the following studies: Avoli et al., 1996; 647 Barbarosie et al., 2000; Gnatkovsky et al., 2008; Trombin et al., 2011; Grasse et al., 2013; 648 Lévesque et al., 2016; Lopantsev et al., 1998a; Uva et al., 2015; Ziburkus et al., 2006 . Data 649 identifying the mechanisms leading to HYP seizure onset originate from the following studies: 650 Lopantsev and Avoli, 1998b; Derchanski et al., 2006; Zhang et al., 2012; Köhling et al., 2016. 
